INTRODUCTION
Human damage-specific DNA binding protein (DDB 1 ) was originally identified as a nuclear factor that recognizes ultraviolet light (UV)-damaged DNA (1, 2) . DDB activity is absent in cell strains from a subset (Ddb -) of xeroderma pigmentosum group E (XPE) patients (2-4).
DDB purifies from HeLa cells as a heterodimer of 127-kDa (DDB1) and 48-kDa (DDB2)
subunits (5), and when microinjected into XPE cells, restores in vivo DNA repair synthesis to normal levels in XPE Ddb -strains, but not in XPE Ddb + strains or those from other XP groups (6) . In addition to its high affinity for UV-damaged DNA, DDB also recognizes a wide spectrum of DNA lesions (1, 2, (7) (8) (9) (10) and the level of its activity is enhanced by treatment of cells with DNA damaging agents (8, 10, 11) . This increase appears to be due to induction of p48, but not p127 (12) . It has been proposed that DDB has a DNA repair function, possibly acting in damage recognition prior to nucleotide excision repair (NER). However, NER reconstitution studies in vitro using purified protein components exhibit no requirement for DDB (13) (14) (15) , and the induction of DDB by UV-irradiation occurs subsequent to DNA repair (12) . Therefore the exact in vivo biological function(s) of DDB still remains unknown.
cDNA sequence analysis indicates that the lack of DDB activity in XPE Ddb -cells is due to mutations in DDB2 (p48) in strains XP2RO, XP3RO, XP82TO, and GM03189 (12, 16) . No mutations in DDB1 (p127) have been found in XPE or any other cells. In an in vitro DDB activity assay, purified recombinant wild type p48 from insect cells was able to complement p127 to restore DDB activity to extracts from Ddb -cells (12) .
DDB p127 has been shown to be in excess of p48 in unirradiated HeLa cells (17) . In normal diploid IMR-90 fibroblasts, the p48 mRNA copy number increases about four-fold 38 hours post UV-irradiation. A similar rise in p48 protein amount and DDB activity were also by guest on http://www.jbc.org/ Downloaded from 4 observed 48 hours after irradiation (12) . This change in DDB activity as a result of increased p48 protein is in agreement with the fact that there is excess p127 protein compared to p48 in uninduced cells.
Fluorescence microscopy using fusions of p48 and enhanced green fluorescent protein (GFP) indicated that p48 is localized in the nucleus in wild type, XPE Ddb + and Ddb -cells (12) .
DDB p127 has been found to redistribute into a tight association with chromatin shortly after UV-irradiation, causing a decrease of extractable DDB activity (18) . We have also observed the inhibition of DDB activity shortly after UV-irradiation in our accompanying paper (12) . In the present study, we have examined the effect of UV-irradiation on the localizations of both DDB per ml of TBST buffer, followed by three 15-minute TBST washes. The membranes were soaked for 1 minute in NEN Renaissance chemiluminescent solution, and then exposed to X-ray film (Kodak) for 15-60 seconds, after which the autoradiographs were scanned with a Umax Astra 2400S scanner. The GFP protein was consequently expressed as a fusion to the C-terminus of p127. Full-length p48 cDNA was amplified in the same way as that of p127 with a primer set 5'-ACAGGATCCGCCACCATGGCTCCCAAGAAACGC-3' (forward) and 5'-TGTGGATCCCTTCCGTGTCCTGGCTTCC-3' (reverse), corresponding to cDNA nucleotides -15 to +18 and +1263 to +1290, respectively, and cloned in at the BamHI site of pEGFP-N3 to form the pEGFP-p48 recombinant vector for the expression of the p48-pGFP fusion protein.
GFP Fluorescence Microscopy--Mammalian
Cell growth, transfection, UV-irradiation, and fluorescence microscopy of IMR-90 and XPE cells were performed essentially as described in the accompanying paper (12) . Confocal laser scanning fluorescence microscopy was performed on a Zeiss 510 system. At each time point, 9 to 30 cells were randomly examined and photographed. Slides were coded and the cellular localization evaluated by seven independent scorers. Classifications included primarily cytoplasmic and weakly nuclear, equal distribution to both cytoplasmic and nuclear, primarily nuclear and weakly cytoplasmic, and strictly nuclear localization.
DDB activity assay--The electrophoretic mobility shift DDB activity assay was performed essentially as described in the accompanying paper (12).
RESULTS

Nuclear Localization of DDB subunits as Suggested by Lectin Probes--In one approach to
infer the cellular localization of the DDB subunits, HeLa DDB was probed with biotinylated lectins specific for various sugar modifications ( Fig. 1 and Table 1 ). A sample of partiallypurified DDB (Fig 1C, lane 1) provided additional non-DDB protein bands in the sample to serve as positive controls for the lectins and to rule-out potential non-specific binding of the lectins.
Since no signal was detected with the RCA and WGA lectins with this fraction ( Fig indicated that p48 contains α-and β-linked N-acetylgalactosamine, α-linked fucose and α-linked mannose, whereas p127 contains β-linked N acetylgalactosamine, α-linked fucose and α-linked mannose. The gycosylation patterns are consistent with a nuclear-or nuclear matrix localization (19) and suggest that, when isolated as an active heterodimer, both DDB subunits have nuclear localizations. It also agrees with the initial discovery of DDB as a nuclear factor with specific affinity for UV-damaged DNA (2) . Fluorescence spectroscopy studies using a p48-pGFP fusion protein, as well as pSORT program prediction (20) (www.version 6.4) have also demonstrated the p48 is localized in the nucleus (12) . However, the pSORT program did not identify any potential nuclear localization signals on p127 and in fact predicted by a small marginal certainty that p127 would be localized in the cytoplasm. coding the p127-pGFP fusion protein were transfected into IMR-90 cells and the localization of fluorescence signals were subsequently studied. In IMR-90 cells, GFP alone has a uniform whole cell distribution ( Fig. 2A) , whereas p127-pGFP has a primarily cytoplasmic, but weakly nuclear localization (Fig. 2B) . Although previous studies reported that p127 is strictly localized to the cytoplasm of human osteoplastoma U2OS cells that have a low level of DDB (21), these data indicate that p127 is present in both the nucleus and cytoplasm in normal diploid fibroblasts.
DDB p127 is Localized to Both the Nucleus and the Cytoplasm--Since
The GFP signal from the nucleus is not due to an overlaying signal from the cytoplasm, since confocal laser scanning fluorescence microscopy essentially observed the same p127 localization pattern across different planes of the viewing field (Fig. 2C) . The primarily cytoplasmic localization of p127 has also been demonstrated by the immunostaining of cytoplasmic and nuclear fractions of mouse PC-12 cells, as well as by immunofluorescence of p127 in human embryonic kidney 293 cells (22) . Occasionally, we observed p127-pGFP signals as a uniform whole cell distribution in a small fraction of cells (Fig. 3A) . This observation could be due to the weaker expression of p127-pGFP in these particular cells. The localization of fluorescence was then examined 24-, 48-and 72-hours post UV-irradiation (Fig. 3A) . As expected, GFP protein alone had a uniform whole cell distribution, and UVirradiation had no effect on this pattern. Moreover, the p48 nuclear localization was unchanged by UV-irradiation at all time points examined (data not shown). On the other hand, a dynamic nuclear transportation of p127 was observed after UVirradiation. Before irradiation, p127-pGFP fluorescence was primarily cytoplasmic, with some cells (22% of all cells examined) showing a uniform distribution. However, twenty-four hours after irradiation, the p127 localization pattern was reversed: 41% of the cells examined displayed primarily nuclear, but weak cytoplasmic localization (Fig. 2D) , while 14% of the cells showed strictly nuclear localization (Fig. 2E ) and the rest (45%) exhibited a uniform distribution of p127-pGFP. Forty-eight hours after UV-irradiation, 70% of the cells had either primarily or strictly nuclear localization of p127-pGFP, with only 30% of the cells showing uniform distribution, and no primarily cytoplasmic localization of p127-pGFP was found. Seventy-two hours after irradiation, all of the cells examined exhibited either primarily or strictly nuclear localization of p127-pGFP. The result of p127 subcellular translocation upon UV-irradiation of normal IMR-90 fibroblasts is summarized in Fig. 3A . Interestingly, the occurrence of the translocation process correlated with the time course of increased of p48 mRNA copy number, p48 protein amount and DDB activity after UV-irradiation described in the accompanying paper (12) .
Nuclear Translocation of p127 in IMR-90 Cells Induced by UV-Irradiation--To
Effects of UV-Irradiation on DDB Localization in XPE Cells--The cellular localization of
each DDB subunit in Ddb + XP95TO and Ddb -XP3RO strains was also examined. Cells were transiently transfected with either control vector pEGFPN3, or the pEGFP-p48 or pEGFP-p127 recombinant constructs and then irradiated with 254 nm UV light at 10 J/m 2 . In both strains, GFP protein alone had a uniform distribution and p48 had a strictly nuclear localization, and, as in normal IMR-90 cells, UV-irradiation did not change these localization patterns (data not shown). We also observed that p127 had a primarily cytoplasmic and weak nuclear localization in the XPE cells, and, as we had observed in IMR-90 cells, there were also a small number of 10 cells ( Fig. 3B and 3C ) that showed a uniform distribution of p127-pGFP in both strains, which again could be due to weaker expression of the fusion protein in these particular cells.
A nuclear accumulation of DDB p127 after UV-irradiation was also observed in the XPE cells, but XP95TO and XP3RO had different kinetics of p127 nuclear transportation, and the transportation process was compromised in both strains as compared to that in IMR-90 cells (Fig. 3) . For the XP95TO Ddb + strain, cells exhibiting either primarily or strictly nuclear localization of p127 increased steadily from 11% of all cells examined after 24 hours to 30%
after 48 hours to 75% after 72 hours. But for the XP3RO Ddb -strain, it increased from 30% after 24 hours and peaked at 50% after 48 hours and dropped to 36% after 72 hours. These results suggest that there could be different defects in the nuclear transportation of DDB p127 in these two XPE strains.
Since XP95TO cells have normal DDB activity, we also examined the induction of DDB activity after UV-irradiation by the electrophoretic mobility shift assay (EMSA) (12) . Compared to IMR-90 cells, the XP95TO cells showed a similar induction pattern of DDB activity after irradiation, but possibly to a slightly lower extent (Fig. 4) .
Possible p127 Anchoring Proteins in the Cytoplasm--Watanabe et al. (22) demonstrated
that DDB p127 can bind tightly to the cytoplasmic domain of the Alzheimer's amyloid precursor protein (APP C ) as judged by affinity co-purification studies: GST-50 amino acid APP C fusion peptide bound to DDB p127 from the cytoplasmic fraction of rat PC-12 cells. Such binding not only confirmed the cytosolic localization of DDB p127, but also suggested that APP C might act to anchor p127 at the cytosolic side of the membrane. However, our confocal laser scanning fluorescence studies did not reveal a typical "ring" or "rim" pattern signal for membrane localization of p127-pGFP (Fig. 2C) . Therefore, the p127-APP C interaction would not appear to 11 reflect an anchoring function, though it might have other yet unidentified functions for p127 or APP C action. However, it is feasible that most of the APP C is complexed with endogenous nonfluorescent p127 and that there is not additional APP C available to bind a majority of the overexpressed p127-pGFP. Consequently, a rim pattern would not be observed.
by guest on http://www.jbc.org/ Downloaded from DISCUSSION UV-Induced Nuclear Localization of DDB p127--DDB has a strong affinity for binding various DNA damages (1,2,5-10) and shortly after UV-treatment, p127 has been reported to redistribute into a tight association with chromatin in mammalian cells (18) . Such tight association with chromatin, which also occurs for nucleotide excision repair (NER) proteins such as RP-A and PCNA, has been attributed to the binding specificity of DDB for damaged DNA and its possible role in damaged-DNA recognition during initial steps of NER. In the present work we have demonstrated that the nuclear enrichment of DDB p127 occurs at times subsequent to DNA repair, whereas p48 was observed to have a strict nuclear localization which was not affected by UV-irradiation. These observations suggest possible roles for DDB protein and/or its individual subunits in addition to recognizing damaged-DNA.
DDB p48 Mediates p127
Nuclear Localization--Human DDB can be purified from HeLa cells as a heterodimer of p48 and p127 subunits (5). However, there is a molar excess of p127 over p48 in unirradiated HeLa cells (17) . Previous experiments also indicated that the constitutive DDB activity in primate cells was induced to higher levels in UV-irradiated primate cells (8) . The increase in DDB activity was then demonstrated to be due to an elevation in the amount of p48 protein, since both subunits are needed for the binding to damaged-DNA (12) . In log-phase normal diploid fibroblast IMR-90 cells, UV-irradiation at 12 J/m 2 caused a roughly four-fold increase of DDB p48 mRNA level at 38 hours after UV-irradiation, followed by a similar rise in p48 protein amount and DDB activity after 48 hours (12) . This time course correlates with the dynamic nuclear translocation of p127 upon UV-irradiation: while the majority of p127 is located in the cytoplasm in undamaged cells, the nuclear accumulation of caused increased nuclear accumulation of p127 (21) . It also provides an explanation of their observation that DDB p127 was localized only to the cytoplasm in U2OS cells, since the low DDB level in those cells could be due to a small amount or a lack of DDB p48 protein or the presence of a mutant form of p48 that is inefficient or incapable of transporting p127. In normal diploid IMR-90 cells, however, the constitutively expressed level of p48 would be capable of escorting a significant fraction of the available p127 to the nucleus.
Possible Different Defects of p127 Nuclear Translocation in XPE Ddb
+ and Ddb -Cells--
In unirradiated XP95TO and XP3RO cells, DDB p127 also presents a primarily cytosolic, but weakly nuclear localization pattern as seen in IMR-90 cells. In XP95TO Ddb + cells, this pattern is consistent with the presence of the wild type p48 (12) that is capable of transporting p127 into the nucleus. In XP3RO Ddb -cells, we expect that the roughly normal level of nuclear localization of p127 before irradiation could be due to the weak interaction of mutant p48 with p127, which was not stable enough for in vitro DDB activity assays (12) or in vitro immunoaffinity purifications (21), but is sufficient for escorting the nuclear entry of p127. This weaker interaction might also account for the fewer number of cells having a uniform distribution of p127 in XP3RO (13% of total cells examined) compared to those of XP95TO (17%) or IMR-90 (23%) cells.
While the in vitro activity assay showed that DDB activity was also induced in irradiated XP95TO cells as in IMR-90 cells (Fig. 4) , the nuclear accumulation of p127 in XP95TO cells 14 had different kinetics than that in IMR-90 cells: instead of reaching a plateau between 24-48 hours after irradiation, the fraction of cells that showed either primarily or strictly nuclear localization of p127 increased steadily over time. These observations could suggest that, while p48 is normal in these cells, a possible third factor that is required for the efficient nuclear entry of p127 is defective. XP3RO cells, on the other hand, had similar but delayed kinetics of p127
nuclear accumulation compared to IMR-90 cells: the fraction of cells that displayed either primarily or strictly nuclear localization of p127 plateaued at 48 hours after irradiation, although to a lower extent (50%) as compared to IMR-90 cells (70%). This delayed and inefficient nuclear entry of p127 in XP3RO could again be attributed to the mutation in the p48 subunit.
Therefore, these data suggest that there may be different mutations that account for the inefficient nuclear accumulation of p127 after UV irradiation in Ddb + versus Ddb -XPE strains. The C-terminal portion of BRAP2, which interacts with DDB p127 in the screen, has typical leucine heptad repeats for protein-protein interaction. BRAP2 is mainly cytoplasmic and binds to nuclear localization signal motifs in BRCA1, SV40 large T antigen and mitosin. Since BRAP2 does not cycle between the nucleus and the cytoplasm, it has been proposed to be a cytoplasmic retention protein which plays a role in regulating nuclear transport of its interactingproteins (26) . Therefore, DDB p127 could possibly be retained in the cytoplasm by BRAP2 until the upregulation of p48.
Effects of protein-protein interactions on DDB localization and function--
The association of DDB with chromatin and RP-A shortly after UV-irradiation (18) presumably reflects its role in recognizing damaged-DNA. The human homolog of the Xenopus RP-A interacting protein that we identified in the screen might be involved in this association through its interaction with DDB p127 and RP-A. However, the delayed response to UV- Table 1 . Lectin affinity assay of DDB subunits. Purified HeLa DDB was probed with biotinylated lectins as described in Fig.1 and the immunoreactivity of p48 and p127 bands were scored as '+' (positive) or '-' (negative). Sugar specificity and binding site preference data were from Hart et al (19) . 
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